The structure and molecular composition of synapses in the hippocampus mediate its central role in learning and memory. The hippocampal formation receives information from neocortical sources and processes it in the sequential projections (classic trisynaptic hippocampal circuitry) connecting dentate gyrus (DG) granule cell neurons with the pyramidal cells of the CA3 and CA1 fields[@b1]. Electron microscopy (EM) has shown that there are differences in the size of the postsynaptic terminals between these sub-regions[@b2][@b3][@b4][@b5] and that the size of terminals correlates with synaptic strength[@b6][@b7][@b8][@b9]. However, as EM studies of synaptic molecular organisation are limited by both indirect, non-covalent labelling (e.g. antibodies) and the relatively small number of synapses that can be studied (typically in the order of a few dozens or hundreds), little is known about the molecular substructure of different hippocampal synapses. More recently, fluorescence based super-resolution microscopy was demonstrated to be a powerful complementary approach for visualising molecular-based features of synapses in brain tissue[@b10] and cultured neurons[@b11][@b12][@b13][@b14]. Since super-resolution methods can be applied to genetically labelled proteins, it offers the potential for the efficient studies of directly labelled endogenous synaptic proteins when combined with genome engineering in the mouse.

The accumulation of postsynaptic proteins is a prominent feature of the sub-synaptic anatomy and can be readily observed with EM and super-resolution microscopy. EM studies first defined the electron-dense accumulation in excitatory synapses as the postsynaptic density (PSD)[@b15][@b16][@b17]. The composition of the PSD has been characterised with proteomic methods and found to contain over 1000 proteins[@b18], and one of the most abundant proteins is Post Synaptic Density 95 (PSD95)[@b19][@b20]. EM of PSD95 labelled with immuno-gold particles showed it was distributed throughout the PSD[@b21][@b22][@b23]. Super-resolution studies of transfected cultured neurons show PSD95 was concentrated into nanoclusters (NCs) of approximately 50--250 nm in diameter[@b11][@b12][@b13]. Some synapses contained multiple NCs suggesting that NCs may be subdomains of the PSD and their number was a determinant of the PSD size.

Presently little is known about PSD95 nanostructure in mature neurons in brain tissue and this is likely to be important for reasons beyond the understanding of the hippocampal circuitry. PSD95 is a scaffold protein and central organiser of postsynaptic signalling complexes comprising glutamate receptors, ion channels, signalling enzymes and adhesion proteins[@b24][@b25]. Since these complexes are \~2 MDa in size[@b26], the PSD95 NCs must represent local packing of dozens or hundreds of these complexes. The organisation of multiple NCs into individual synapses would represent a further level of higher-order organisation at the sub-synaptic scale. It is therefore important to document the diversity of NCs in different synapses of the mature hippocampus and ask if multi-NC synapses exist *in vivo* and if they are found in particular cell-types or synapses in the hippocampal circuitry. Moreover, PSD95 is of major functional importance as it controls synaptic transmission, synaptic plasticity and learning and memory[@b19][@b27][@b28][@b29] and PSD95 complexes are mutated in schizophrenia, autism and intellectual disability[@b24][@b25][@b29][@b30][@b31][@b67][@b68]. Thus, elucidation of the neuroanatomical diversity of PSD95 NCs in the hippocampus will further our understanding of mechanisms of cognition and mental illness.

Here we report a study of the nano-architecture of synapses in the hippocampal formation by combining the technology of genetically modified mice, where endogenous PSD95 was labelled with fluorescent proteins, with two orthogonal forms of super-resolution microscopy. We used mice that were genetically engineered to express PSD95 fused to either eGFP or mEos2 (PSD95-eGFP, PSD95-mEos2), which are suitable for use with two orthogonal super-resolution methods: gated stimulated emission depletion (g-STED) microscopy and photoactivated localisation microscopy (PALM). Using these cross-validating approaches and highly quantitative methods, we performed the first systematic large-scale study of PSD95 nanoarchitecture across the hippocampal formation in brain sections from mature mice. Through a study of over 100,000 PSDs, we confirm the presence of NCs *in vivo* and find they are a universal and highly conserved unit or building block underpinning the structure of simple and complex PSDs. We found characteristic anatomical distributions of PSD95 NCs in distinct hippocampal regions, cell-types and locations within the dendritic tree. Large, complex synapses such as the thorny excresences of CA3 pyramidal neurons were found to contain multiple NCs. This study demonstrates the power of combining investigations of synapse nano-architecture with large-scale anatomical approaches to define basic mechanisms of synapse structure. The tools and approaches described here have wide application *in vitro* and *in vivo*.

Results
=======

Genetically modified mice labelling endogenous PSD95
----------------------------------------------------

We previously reported the generation of a line of knock-in mice that allowed us to perform highly efficient purification of synaptic proteins, their complexes and studies of synaptic protein localisation across the brain[@b25]. In that mouse line, tandem affinity purification (TAP) tags were fused in-frame to the carboxyl terminus of endogenous PSD95 using gene targeting and we have used the same strategy with eGFP and mEos2 tags, hence expressing the fusion proteins under the control of PSD95's regulatory elements. Here we describe the PSD95-mEos2 mice ([Supplementary Fig. 1a](#S1){ref-type="supplementary-material"}), the PSD95-eGFP mice are described elsewhere (Zhu F *et al*. in preparation). Low magnification (×20) fluorescence slide scanning reveals that PSD95-eGFP and PSD95-mEos2 mice have the same expression pattern of PSD95 across the brain with high levels of expression in the cortex, striatum and the hippocampus ([Supplementary Fig. 1b](#S1){ref-type="supplementary-material"}). Confocal microscopy (×100) in the CA1 stratum radiatum (CA1^SR^) of the hippocampus, showed that PSD95-eGFP and PSD95-mEos2 form puncta of approximately 300--600 nm diameter ([Supplementary Fig. 1c](#S1){ref-type="supplementary-material"}). Staining both PSD95-eGFP and PSD95-mEos2 brain sections for a presynaptic marker (synaptophysin I) revealed presynaptic puncta juxtaposed with PSD95 as expected ([Supplementary Fig. 1c](#S1){ref-type="supplementary-material"}). In the PSD95-eGFP mice the expression level of the tagged protein was comparable to that of wild type (untagged) protein (Zhu F *et al*. in preparation). However, we noticed that the expression level of the tagged protein was reduced in PSD95-mEos2 mice ([Supplementary Fig. 1d](#S1){ref-type="supplementary-material"}). Electrophysiological studies of homozygous and heterozygous PSD95-mEos2 mice showed least phenotypes in heterozygous mice and they were therefore used for imaging studies ([Supplementary Fig. 1e,f](#S1){ref-type="supplementary-material"}). PSD95-eGFP mice showed no changes in electrophysiological properties (data not shown) and homozygous mice were used for g-STED imaging.

Super-resolution imaging of endogenous tagged PSD95 in brain
------------------------------------------------------------

We first asked if PSD95 was organised into NCs in the brain of our two mouse models. As shown in [Fig. 1](#f1){ref-type="fig"}, PSD95-eGFP sections were imaged using sequential confocal (lateral resolution 240 nm) and g-STED microscopy (lateral resolution 85 nm) (see [Supplementary Fig. 2](#S1){ref-type="supplementary-material"} for g-STED resolution measurements). Confocal images showed a characteristic punctate (PSD) distribution of PSD95, which was further resolved into nanoclusters using g-STED ([Fig. 1a,b](#f1){ref-type="fig"}). Similarly, PSD95 NCs were observed using PALM imaging (localisation precision \~40 nm, see [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}) from brain sections of PSD95-mEos2 ([Fig. 1c,d](#f1){ref-type="fig"}). Although the PSD was originally an EM definition, the punctate synaptic imaging of PSD95 with light microscopy is frequently used as a definition of the PSD, so hereafter we refer to the PSD as the PSD95 distribution within the confines of a single puncta. Both forms of super-resolution microscopy revealed that most PSDs contained a single NC whereas some contained multiple NCs ([Fig. 1e,f](#f1){ref-type="fig"}). Dye filling of neurons confirmed single and multiple NCs were within single spine heads ([Fig. 1g](#f1){ref-type="fig"}). An initial manual quantification (FWHM, full width half maximum analysis of line profiles) in the CA1 stratum oriens (CA1^SO^) of \~200 PSD95-eGFP NCs showed a median diameter of 136 nm and an elliptical shape (86 × 189 nm median short and long axes) ([Supplementary Fig. 4a--d](#S1){ref-type="supplementary-material"}). These results are consistent with previous reports from primary cultures of rat hippocampus neurons[@b11][@b12][@b13].

To exploit our mouse models with their high number of labelled synapses and potential anatomical diversity, we developed automated methods within Imaris Cell that detect, segment and quantify PSDs and their respective NCs ([Fig. 1h--m](#f1){ref-type="fig"}). The analysis settings were assessed for robustness using a combination of Monte Carlo simulated data ([Supplementary Fig. 4e--g](#S1){ref-type="supplementary-material"}) and manually detected PSD95-eGFP structures ([Supplementary Fig. 4h,i](#S1){ref-type="supplementary-material"}). Similarly, manual quantification validation was performed for PSD95-mEos2 NCs ([Supplementary Fig. 4j--o](#S1){ref-type="supplementary-material"}).

Using these methods we first analysed the CA1^SO^ and found that the median diameter of their PSDs was 334 nm (g-STED, n = 3420) and 425 nm (PALM, n = 1444) and that of NCs was 158 nm (g-STED, n = 5172) and 126 nm (PALM, n = 1840) ([Fig. 1j,m](#f1){ref-type="fig"}). From these data, it was determined that 1NC-PSDs were most abundant (g-STED: 63.7 ± 1.6%, PALM: 75 ± 2.6%) while those PSDs with greater numbers of NCs were increasingly rare; 2NC-PSDs (g-STED: 24.3 ± 0.4%, PALM: 19 ± 1.4%), and 3+NC-PSDs (g-STED: 11.9 ± 1.2%, PALM: 5.6 ± 1.4%) ([Fig. 1i,l](#f1){ref-type="fig"}). These results, obtained by using two mouse models and two forms of super-resolution microscopy provide the first quantification of NCs in intact mouse brain tissue.

Diversity of PSD95 nanostructure in the hippocampus
---------------------------------------------------

The scalability of our methods enabled us to examine key brain regions and ask if there is diversity in the nanoarchitecture of synapses in important circuits. To this end, we performed a comprehensive quantitative super-resolution survey of the trisynaptic circuit of the hippocampus focusing on three main regions: dentate gyrus (DG), CA3 and CA1. These regions were further subdivided into a total of seven sub-regions: DG, molecular layer (DG^ML^), polymorphic layer (DG^PL^); CA3, stratum oriens (CA3^SO^), stratum lucidum (CA3^SL^); CA1, stratum radiatum proximal (CA1^SRP^), stratum radiatum distal (CA1^SRD^) and stratum oriens (CA1^SO^) ([Fig. 2a](#f2){ref-type="fig"}). A total of 89,452 NCs within 55,617 PSDs from three PSD95-eGFP mice were studied using g-STED and 25,017 NCs within 18,763 PSDs from three PSD95-mEos2 mice using PALM ([Supplementary Tables 1 and 2](#S1){ref-type="supplementary-material"}). Multiple further examples of images from these regions are presented in [Supplementary Figs 5 and 6](#S1){ref-type="supplementary-material"}.

We first examined the PSD size and found significant differences between sub-regions with g-STED (*F* = 31.4, *P* = 2.4 × 10^−7^) and PALM (*F* = 4.7, *P* = 0.0082). We observed a striking dichotomy within the two sub-regions of both DG and CA3, with one sub-region showing the largest and the other showing the smallest PSDs ([Fig. 2b,c](#f2){ref-type="fig"}). The CA3^SL^ and DG^PL^ displayed the largest PSDs (g-STED diameter of 398 ± 22 nm and 405 ± 10 nm respectively, mean ± SD) and these likely correspond to characteristically large PSDs of the thorny excrescence synapses found in these regions[@b3] (see insets in [Fig. 2a](#f2){ref-type="fig"}, [Supplementary Figs 5e,g and 6e,g](#S1){ref-type="supplementary-material"}). Multi-NC-PSD of the thorny excrescences were also observed from dye-filled neurons ([Supplementary Fig. 7a--d](#S1){ref-type="supplementary-material"}). In contrast, the CA3^SO^ and DG^ML^ shared the smallest PSDs (319 ± 7 nm and 322 ± 4 nm respectively, mean ± SD). Unlike the sub-regions of the CA3 and DG, the CA1 sub-regions showed no statistically significant difference in the size of their PSDs, although there was a trend for PSDs to increase in size from the stratum oriens to the distal stratum radiatum (CA1^SO^, 341 ± 6 nm; CA1^SRP^, 345 ± 2 nm; CA1^SRD^, 360 ± 9 nm).

To understand these differences in the PSD size we next examined the number of NCs, their size and shape within the sub-regions ([Fig. 2d--m](#f2){ref-type="fig"}). A significant difference in the number of NCs per PSD (NC/PSD) was observed between sub-regions in both g-STED (*F* = 27.7, *P* = 5.4 × 10^−7^) and PALM (F = 7.4, *P* = 1.4 × 10^−6^). Moreover, there was a direct correspondence between the PSD size and NCs/PSD: the largest PSDs (CA3^SL^ and DG^PL^) showed the highest NCs/PSD (1.93 ± 0.10 NC/PSD and 1.95 ± 0.11 NC/PSD respectively) and the regions containing smaller PSDs (CA1^SO^ and CA3^SO^) showed the lowest number of NCs/PSD (1.53 ± 0.04 and 1.48 ± 0.03 respectively) ([Fig. 2d,e](#f2){ref-type="fig"}). To examine the differential distribution of NCs between sub-regions in greater detail, we counted the number of PSDs containing one, two or more NCs in each sub-region ([Fig. 2f,g](#f2){ref-type="fig"}). This clearly illustrates the significant dichotomy in NC numbers between sub-regions of CA3 and DG. To validate these findings using an orthogonal method and provide information on the distance between NCs, we next performed paired correlation function analyses on the g-STED data. By calculating the distance between any given structure and its nearest neighbouring structure, their spatial organisation can be represented by the value *g*(*r*) over a given radius (*r*). In all sub-regions, the maximal *g(r)* range was 100--300 nm ([Fig. 2h](#f2){ref-type="fig"}; [Supplementary Fig. 8](#S1){ref-type="supplementary-material"}) and as expected, the CA3^SL^ and DG^PL^ PSDs containing multiple NCs showed the greatest degree of NC clustering (both in terms of peak g(*r*) value and the radius over which clustering was significant ([Fig. 2h](#f2){ref-type="fig"}; [Supplementary Fig. 8e,g](#S1){ref-type="supplementary-material"}). We further validated these findings using manual quantification of PSD95 NCs in dye-filled neurons in CA1, CA3, DG and neocortex ([Supplementary Fig. 7](#S1){ref-type="supplementary-material"}, [Supplementary Table 3](#S1){ref-type="supplementary-material"}). Together these results show that specific sub-regions within the hippocampus contain PSDs with discrete numbers of PSD95 NCs.

We next asked if the differences in PSD size were also a function of the size of individual NCs ([Fig. 2i,j](#f2){ref-type="fig"}). PALM data showed no significant differences (*F* = 0.4, *P* = 0.84) in NC diameter between sub-regions, with all approximately 140 nm. Similarly, g-STED data revealed that only 2 out of 21 sub-regional pairings displayed significant differences in NC diameter; namely NCs of the DG^ML^ (154 ± 4 nm) were smaller than NCs in the CA3^SL^ (177 ± 7 nm; *P* \< 0.008) and DG^PL^ (173 ± 5 nm; *P* \< 0.032). In addition, it was shown that NCs did not change in their elliptical morphology between sub-regions, as calculated by their mean average aspect ratio in both g-STED (mean aspect ratio 0.60; *F* = 1.5, *P* = 0.23, [Fig. 2k](#f2){ref-type="fig"}) and PALM (mean aspect ratio 0.75; *F* = 1.2, *P* = 0.36, [Fig. 2l](#f2){ref-type="fig"}). These findings indicate that NC size and shape were very similar between sub-regions and independent of PSD size.

Although the size and shape of NCs appeared to be conserved, we found evidence suggesting regional molecular diversity of NCs with respect to the amount of PSD95 per NC. The mean fluorescence intensity of PSDs and NCs (from g-STED data) showed significant inter-regional differences (PSDs: *F* = 21.3, *P* = 2.4 × 10^−5^, [Supplementary Fig. 9a](#S1){ref-type="supplementary-material"}; NCs: *F* = 8.6, *P* = 0.0005, [Fig. 2m](#f2){ref-type="fig"}, [Supplementary Fig. 9b](#S1){ref-type="supplementary-material"}). Specifically, PSDs and NCs of the three CA1 sub-regions were all found to be of greater mean fluorescence intensity than those expressed in other hippocampal sub-regions. Given that the size and shape of NCs were conserved, this could indicate denser packing of PSD95 molecules in CA1 NCs. Due to a significant variation between the PSD95-mEos2 brain sections, however, the mean density of localisations in PSDs and NCs, as detected by PALM, was not different between sub-regions (PSDs: F = 0.6, P = 0.762, [Supplementary Fig. 9c](#S1){ref-type="supplementary-material"}; NCs: F = 0.4, P = 0.845, [Supplementary Fig. 9d,e](#S1){ref-type="supplementary-material"}). Together these findings indicate that NCs are 'units' of PSD organisation and their number underpins synapse diversity with distinct regional molecular variety. Furthermore, the data indicates that non-random allocation of NCs characterises the specific populations of PSDs distributed in brain regions.

PSD95 nanostructure in CA1 pyramidal cells
------------------------------------------

To explore the potential for this model as a mechanism of synapse diversity within single neurons, we next focused on CA1 pyramidal cells. CA1 pyramidal neurons project basal dendrites into the CA1^SO^ and apical dendrites into the CA1^SR^ extending into the CA1 stratum lacunosum moleculare (CA1^SLM^) ([Fig. 3a](#f3){ref-type="fig"}). Each of these dendritic sub-regions receive synaptic inputs from different circuits[@b32][@b33][@b34]. It is unknown whether there are differences in PSD95 nanostructure across the CA1 pyramidal neuron dendritic tree. To address this, we analysed sets of g-STED images at regular intervals spanning the apical and basal dendritic tree ([Fig. 3a,b](#f3){ref-type="fig"}). In total, 28,263 NCs were quantified within 17,467 PSDs from three mouse brain sections.

There was a complex patterning in PSD95 distribution and sub-synaptic nanostructural parameters in the CA1 ([Fig. 3c--h](#f3){ref-type="fig"}). Not only were there sharp changes in puncta density and intensity between the CA1^SO^, CA1^SR^ and CA1^SLM^, but there were also gradual changes as a function of distance from the soma, particularly across the CA1^SR^ ([Fig. 3c--h](#f3){ref-type="fig"}). Pearson's correlation analysis was conducted over the range of 20--140 μm (seven 20 μm steps) from the soma layer into the CA1^SR^ to test for changes in the density of PSDs ([Fig. 3c](#f3){ref-type="fig"}) and NCs, mean fluorescence intensity ([Fig. 3d](#f3){ref-type="fig"}), size of PSDs ([Fig. 3e](#f3){ref-type="fig"}) and NCs ([Fig. 3f](#f3){ref-type="fig"}) and the number of NCs per PSD ([Fig. 3g,h](#f3){ref-type="fig"}). The PSD density showed a strong negative correlation with distance in CA1^SR^ (*r* = −0.65, *P* = 0.001) with 19.2 ± 1.7 PSDs (per 20 μm^2^) at 20 μm distance from the soma and 16.5 ± 1.4 PSDs (per 20 μm^2^) at 140 μm ([Fig. 3c](#f3){ref-type="fig"}). While the number of PSDs was reduced further from the soma, there was an increase in the mean fluorescence intensity of NCs (*r* = 0.44, *P* = 0.044; [Fig. 3d](#f3){ref-type="fig"}). Moreover, it was found that the average size of PSDs increased along the same gradient, from 333 ± 2 nm diameter to 342 ± 14 nm over the same distance range (*r* = 0.57, *P* = 0.007; [Fig. 3e](#f3){ref-type="fig"}). These findings demonstrate a shift in expression of PSD95 within the CA1^SR^ whereby proximal dendrites express numerous small synapses and distal dendrites express fewer, larger synapses expressing more PSD95.

As expected from our earlier findings, a positive correlation in the average number of NCs per PSD was observed as a function of distance from the soma (*r* = 0.57, *P* = 0.007; [Fig. 3g](#f3){ref-type="fig"}). At 20 μm from the soma, the average number of NC/PSD was 1.58 ± 0.02, while at 140 μm distance, the PSDs contained an average of 1.65 ± 0.06 NCs ([Fig. 3g](#f3){ref-type="fig"}). This finding is also reflected in [Fig. 3h](#f3){ref-type="fig"}, which illustrates fractional populations of 1NC-PSDs and 3+NC-PSDs. There is a negative correlation in the percentage of 1NC-PSDs with distance (60.7 ± 0.6% to 58.5 ± 3.2%; r = −0.53, *P* = 0.013) and a positive correlation of 3+NC-PSDs with distance (13.9 ± 0.7% to 16.0 ± 1.3%; *r* = 0.51, *P* = 0.019) ([Fig. 3h](#f3){ref-type="fig"}). The population for 2NC-PSDs did not change over this distance range (25.4 ± 1.0% to 25.5% 3.0%; *r* = 0.17, *P* = 0.462). Surprisingly, NCs had a greater diameter as a function of distance from the soma over the CA1^SR^ (*r* = 0.51, *P* = 0.019; [Fig. 3f](#f3){ref-type="fig"}). This correlation seemed to be attributable to an increase in NC diameter from 163 ± 3 nm to 172 ± 4 nm at 80 μm from the soma. At 120 μm from the soma, there was a gradual reduction in NC diameter to 159 ± 3 nm in the CA1^SL^ ([Fig. 3f](#f3){ref-type="fig"}). In addition to these findings in the CA^SR^, there were distance-dependent changes in NC parameters in both CA1^SO^ and CA1^SLM^. These findings indicate that NC diversity occurs across the dendritic tree of CA1 pyramidal neurons.

PSD95 NCs are conserved between synapse subtypes
------------------------------------------------

If PSD95 NCs were a basic structural unit of excitatory synapses, then we might expect they would show conserved features across a diverse range of synapse subtypes and anatomical regions. Our large datasets afford an unprecedented opportunity to address this issue. Using both the g-STED and PALM data sets, PSDs and NCs were sub-categorised by the synapse subtype to which they belonged (1NC-PSD, 2NC-PSD or 3+NC-PSD) and diameter and integrated fluorescence intensity (or number of localisations with PALM measurements) of quantified NCs and PSDs.

From g-STED data, it was found that the size (*F* = 407, *P* = 4 × 10^−7^) and integrated fluorescence intensity of PSDs (*F* = 116, *P* = 2 × 10^−5^) positively correlated with the number of NCs per PSD ([Fig. 4a--c](#f4){ref-type="fig"}). In the CA1^SO^, PSDs with 1 NC averaged 269 ± 12 nm in diameter, 2NC-PSDs had a diameter of 412 ± 10 nm and 3+NC-PSDs had a diameter of 525 ± 11 nm ([Fig. 4c](#f4){ref-type="fig"}). When the diameters and intensities of NCs were compared between synapse subtypes, however, it was found that NCs did not vary significantly in their size (*F* = 1.2, *P* = 0.36) or integrated fluorescence intensity (*F* = 0.37, *P* = 0.71) ([Fig. 4d--f](#f4){ref-type="fig"}). This analysis was further performed for PSDs and NCs of each of the other six hippocampal sub-regions ([Supplementary Fig. 10](#S1){ref-type="supplementary-material"}). Every sub-region showed the same basic organisational principle -- the PSD size in different subtypes of synapses depended on the number of NCs contained, while the individual NCs within each synapse subtype remained conserved in their size and fluorescence intensity ([Supplementary Fig. 10](#S1){ref-type="supplementary-material"}).

The same analysis was then performed across the PALM data set, quantifying the diameters and the total number of localisations of PSD95 in PSDs and NCs from the same subtypes of synapses ([Fig. 4g--j](#f4){ref-type="fig"}). Consistent with the above g-STED findings, the size of PSD95-mEos2 PSDs positively correlated with the number of NCs, and there was also a trend for increased numbers of total localisations ([Fig. 4g,h](#f4){ref-type="fig"}). We found that the diameter of PSD95-mEos2 NCs was slightly reduced in those synapse subtypes with higher numbers of NCs per PSD ([Fig. 4j](#f4){ref-type="fig"}). In the CA1^SRP^ for example, NCs in 1NC-PSDs had an average diameter of 137 ± 8 nm, while NCs within 2NC-PSDs and 3+NC-PSDs were lower: 123 ± 4 nm (*P* \< 0.017) and 118 ± 3 nm (*P* \< 0.041) respectively ([Fig. 4j](#f4){ref-type="fig"}). This analysis was also performed on six other hippocampal sub-regions ([Supplementary Fig. 11](#S1){ref-type="supplementary-material"}). Overall, considering the extent of statistical significance, it is concluded that NCs likely remain conserved in their overall structure and that structural synaptic diversity is defined by the number of NC 'building blocks' per PSD.

Discussion
==========

The combination of mouse genetic engineering and super-resolution microscopy has enabled us to carry out the first large-scale systematic study of the organisation of an endogenous protein in the mammalian brain at the nano-structural scale. With these methods, fundamentally important observations were made in quantifying the nanoscale features, organisation and distribution of a single protein population. Using two mouse models and super-resolution methods, we have established and cross-validated a set of robust methods for studying the molecular organisation of the PSD and its constituent NCs. A key advantage of our approach was the scalability, which afforded systematic analysis of synaptic nano-architecture across the synapses in the circuits of the hippocampal formation. We examined \~100,000 PSDs, which is several orders of magnitude greater than previous reports using EM[@b3][@b4][@b35], thus providing robust datasets for statistical analyses of PSD diversity. These methods could be readily deployed in any other brain region, with the potential to make a nanoscale map of all brain regions, as well as being utilised in studies of development, behaviour, pharmacology and disease.

A striking and patterned diversity was observed using molecular labelling of PSD95, a major postsynaptic protein widely used as a marker of PSDs. This diversity was evident between regions, sub-regions, cell types and locations along the dendritic tree. In contrast to the diversity in PSDs, we found that the constituent NCs were of similar dimensions and that the number of NCs per PSD was the principal determinant of PSD diversity. Categorising synapses according to their numbers of NCs (1NC, 2NC, 3+NC PSDs) provided a basis for asking whether the different subtypes of PSDs were randomly distributed or found in specialised cells or regions. PSDs in all categories were found in all regions and in both CA3 and DG we found a dichotomy of PSD subtypes; one sub-region within each of these areas contained high numbers of large multi-NC PSDs and the adjacent sub-region contained low numbers with smaller PSDs. Since the DG is comprised of granule cells and CA3 of pyramidal neurons, we conclude that the differential distribution of PSDs with different numbers of NCs is not determined by the neuronal subtype. Because pyramidal neuron synapses in the CA3^SL^ and CA3^SO^ had distinct populations of multi-NC synapses and these receive distinct presynaptic inputs[@b33][@b36], it suggests that PSD diversity and the mechanism responsible for distributing the number of NCs, is linked to presynaptic identity. Similarly, the stark contrast in fluorescence intensity of PSD95-eGFP NCs between the CA1^SR^ and the CA1^SLM^ may relate to the differential inputs received by CA1 pyramidal cells in these two subregions of the same dendritic tree[@b32]. Since the nanocluster size is invariant, it follows that the molecular specification of synapse formation does not influence the number of PSD95 molecules in a nanocluster. This suggests that cell-autonomous mechanisms determine nanocluster size and cell non-autonomous mechanisms determine nanocluster number and PSD95 copy number. Moreover, it is likely that these two mechanisms are sequentially activated[@b37][@b38][@b39]: the fibre pathways in the hippocampus are established before PSD95 protein expression arises in late postnatal development (\~P14) and thus the cell non-autonomous molecular signals instruct the specification of PSD95 NC number and the cell-autonomous mechanisms produce NCs of invariant size. Several cell-autonomous mechanisms have been identified that control PSD95 localisation including palmitoylation[@b13][@b40] and a potential cell non-autonomous mechanism is ligand activation of Ephrin3B[@b41]. Future studies will be required to address the role of these mechanisms in establishing the nanocluster formation and diversity in the hippocampus.

The functional significance of the nanoscale molecular architecture can be considered at the level of individual synapses and circuits. PSD95 is known to play a key role in controlling both synaptic strength[@b42][@b43] and synaptic plasticity of AMPA receptors at excitatory synapses[@b44][@b45]. Consistent with our observations of the distribution of PSD95 NCs in the dendritic tree of pyramidal neurons in CA1^SR^, electrophysiological studies show that synaptic strength is dependent on the distance from the soma[@b46][@b47] and thought to be mediated by the increased AMPA receptor number per synapse. Our observations in the CA1^SR^ in PSD95 NCs suggest a strong correlation between AMPA receptor number and NC number per PSD, suggesting a mechanism for PSD95 NCs in regulating synaptic strength. Evidence from super-resolution of PSD95 in cultured neurons also suggests that synaptic scaling increases synapse strength through increased number of NCs per PSD[@b11]. Previous EM studies have linked the existence of larger 'complex' PSDs with increased synaptic activity[@b6][@b48], protein turnover rates[@b49] and increased learning[@b35][@b50]. Greater numbers of PSD95 NCs indicates greater numbers of PSD95 protein complexes, which are known to be diverse in composition and control many signalling functions[@b24][@b25]. Hence larger PSDs and multi-NC synapses may also have more sophisticated plasticity functions.

From our data we can discern that there must be at least two different factors influencing PSD95 organisation into NCs. Firstly, a significant increase in the number of PSD95 molecules at the synapse increases the number of NCs rather than the size of the NC itself. This is in agreement with data of Nair *et al*.[@b12] who showed that overexpression of PSD95 increased the number of NCs per PSD, but not their average size. Secondly, our data suggests that all NCs are not all equivalent and there is a molecular diversity within the NCs. We observed that the number of PSD95 molecules per NC varied in NCs from different regions. A potential explanation for this arises from insights into the organisation of PSD95 multiprotein complexes, which must be packed into NCs. Proteomic studies show \>100 proteins interact with PSD95[@b24][@b25][@b26][@b51] and these are known to have differential regional distribution[@b52]. There are approximately \~300 copies of PSD95 per synapse[@b11][@b12][@b19] and we estimate that each NC contains 50--100 PSD95 protein complexes. Collectively, these facts suggest that PSD95 levels regulate numbers of NCs, and PSD95 interactions with binding partners (within signalling complexes) determines the composition, and hence, functional properties of NCs. The packing of signalling complexes into NCs would confer properties such as signal amplification, specificity and spatial control.

The model that PSD95 NCs are units or building blocks of PSDs provides a simple model for the construction of both simple and complex PSDs described previously by EM. We found that the large, complex thorny excrescence synapses correspond to multi-NC PSDs. Multi-NC PSDs sometimes appear to form ring-like formations ([Fig. 1e](#f1){ref-type="fig"}) that may represent perforated or fenestrated PSDs described in EM studies[@b17][@b49][@b53]. Similarly, 2NC-PSDs may represent partitioned PSDs − an intermediate between single and complex perforated PSDs, whereby each NC aligns with a presynaptic release site within the same presynaptic bouton[@b6]. Alternatively, some multi-NC-PSDs could represent multi-innervated PSDs which receive synaptic inputs from different presynaptic boutons[@b35][@b54]. Future studies using correlative EM and super-resolution may clarify the molecular structure of these nano-structural features. Although we have demonstrated that sampling of large numbers of PSD95 structures in 2D can generate a representative view of its structure through averaging, 3D g-STED or PALM imaging would allow a more thorough visual examination of nanostructures. An interesting feature of the multi-NC PSDs was that the mean distance separating NCs was 100--300 nm. We speculate that there must be structural mechanisms, such as cytoskeletal proteins or lipid bilayer components, determining this spacing as well as regulating the conserved size of NCs. Understanding the mechanisms that partition PSD95 molecules into the structural hierarchy from individual protein molecules, to multiprotein complexes, NCs and whole PSDs will be facilitated by our mouse models and the super-resolution approaches. These tools will also be directly applicable to developmental and genetic studies and probing the mechanisms of the many diseases involving PSD95 complexes and the PSD.

Methods
=======

Mouse Generation and Genotyping
-------------------------------

All mouse procedures were performed in accordance with UK Home Office regulations and approved by Edinburgh University Director of Biological Services. Both PSD95-eGFP and PSD95-mEos2 fluorescent knockin mice were constructed using the same method and targeting strategy as described by Fernandez *et al*.[@b25]. The generation of the PSD95-eGFP knock-in mice are specifically described by Zhu *et al*., (in preparation) and the generation of PSD95-mEos2 mice is described here. We have shown the PSD95eGFP faithfully recapitulates the endogenous PSD95 protein levels, assembly into supercomplexes, anatomical localisation, developmental timing of expression and electrophysiological function in the hippocampus CA1-CA3 synapses. We used the previously constructed PSD95 intermediate targeting vector created in the generation of PSD95 TAP-tag mice[@b25]. The mEos2-C1 coding sequence was a gift from Michael Davidson[@b55] ([Supplementary Fig.1a](#S1){ref-type="supplementary-material"}).

Briefly, eGFP and mEos2 coding sequences were inserted into the open reading frame of PSD95/*Dlg4* gene at the 3′ end immediately before its stop codon using recombineering in *Escherichia coli* as described in previously published methods[@b56] ([Supplementary Fig.1a](#S1){ref-type="supplementary-material"}). Targeting plasmid DNAs were extracted using XhoI and BglII endonuclease restriction sites and electroporated into mouse embryonic stem cells. Positive targeted ES cell clones were identified by long-range polymerase chain reaction (PCR), cloned, expanded and frozen down before their injection into blastocysts from C57BL/6J mice. Backcrosses between adult chimaeric males and wildtype females generated heterozygous mice that were intercrossed to produce homozygous mice. Tail DNA was extracted and analysed by PCR with an f' PSD95F5 primer and two 3′ pneoR4 and PSD95R6 primers to distinguish the PSD95 wild-type alleles (+/+) from either the heterozygous (+/eGFP; +/mEos2) or homozygous alleles (eGFP/eGFP; mEos2/mEos2).

Electrophysiological Recordings and Data Analysis of PSD95-mEos2 mice
---------------------------------------------------------------------

Electrophysiological recordings in the CA1 region of hippocampal slices in homozygous PSD95-mEos2 mice were used to test for any functional consequences of the mEos2 tag insertion. Acute hippocampal slices were prepared from 5--11 month old animals following previously published standard procedures[@b57]. Field excitatory postsynaptic potentials (fEPSPs) were recorded by the MEA60 electrophysiological suite (Multi Channel Systems, Reutlingen, FRG). To record fEPSPs, a hippocampal slice was placed into the well of a 5×13 3D MEA biochip (Qwane Biosciences, Lausanne, Switzerland). Monopolar stimulation of Schäffer collateral/commissural fibres through array electrodes was performed by a STG4008 stimulus generator. Biphasic (positive/negative, 100 μs/a phase) voltage pulses were used. Amplitude, duration and frequency of stimulation were controlled by the MC_Stimulus II software. We performed all long-term potentiation (LTP) experiments using two-pathway stimulation of Schäffer collateral/commissural fibres[@b58]. A single principal recording electrode in the middle of proximal part of CA1 was chosen and two electrodes were assigned for stimulation of the control and test pathways on the subicular side and on the CA3 side of stratum radiatum respectively. The distance from the recording electrode to the test stimulation electrode was 420--510 μm and to the control stimulation electrode 280--447 μm.

To evoke orthodromic fEPSPs, stimulation electrodes were activated at a frequency of 0.02 Hz. Peak amplitude of the negative part of fEPSPs was used as a measure of the synaptic response. Following at least 10--15 min of equilibration period inside an MEA well, I/O relationships were obtained and baseline stimulation strength was set to evoke a response that corresponded to \~40% of the maximal attainable fEPSP at the principal recording electrode. Paired pulse facilitation (PPF) was observed after stimulating Schäffer collateral/commissural fibres with a pair of pulses at baseline stimulation strength and an interpulse interval of 50 ms. PPF value was calculated as fEPSP~2~/fEPSP~1~\*100%. Average data from five paired-pulse stimulations were used for each slice. LTP was induced after 60 min period of stable baseline responses by the theta-burst stimulation (TBS) train consisting of 10 bursts given at 5 Hz with 4 pulses given at 100 Hz per burst. Stimulus strength was not altered during LTP induction. LTP plots were scaled to the average of the first five baseline points. To account for a possible drift of baseline conditions, peak values in the test pathway were normalised by peak amplitudes in the control pathway prior to statistical comparison. LTP magnitude was assessed by averaging normalised fEPSPs in the test pathway 60--65 min after LTP induction.

Since several slices were routinely recorded from every mouse, values of area under the I/O relationship (AUC~I/O~), PPF and LTP in wild-type and mutant mice were initially compared using two-way nested ANOVA design with genotype (group) and mice (sub-group) as fixed and random factors correspondingly (STATISTICA v. 10, StatSoft, Inc., Tulsa, OK, USA). To contrast data obtained in PSD95^+/mEOS2^ and PSD95^mEOS2/mEOS2^ mutants with measurements performed in partly litter-matched WTs, we used *post hoc* Dunnett's Multiple Comparison test on data from individual slices or on averaged data from several slices for each mouse if nested ANOVA reported a significant sub-group effect. Statistical effects were considered significant if *P* \< 0.05. Graph plots and normalisation were performed using OriginPro 8.5 (OriginLab, Northampton, MA, USA). For electrophysiology data only, data are presented as the mean ± standard error of the mean with *n* and *N* indicating number of slices and mice respectively.

Histology
---------

Two month year old adult mice were anaesthetised with an intraperitoneal injection of 20 mg Euthatal (Merial Animal Health). Mice were perfused with 1× phosphate buffered saline (PBS; Oxoid), followed by 4% v/v paraformaldehyde (PFA; Alfa Aesar). Whole brains were dissected out and post-fixed in 4% PFA for 3--4 hours at 4 °C then washed out and replaced with 33% w/v sucrose solution (VWR Chemicals) in 1× PBS for 2--3 days. Brains were then embedded into a cryomould of the OCT compound (VWR) and frozen with liquid nitrogen. Cryosections were prepared at 18 μm thickness, mounted on slides and stored at −80 °C. The sections imaged were between bregma −1.6 and −2.2 mm. For PSD95-eGFP samples, coverslips were mounted over sections using home-made MOWIOL with DABCO. For PALM, sections were washed with 0.02 μm filtered 1× PBS and adhered to an argon plasma cleaned, poly-L-lysine (Sigma-Aldrich) coated coverslips with a small volume of filtered 1× PBS. Sections were placed for 1 h in darkness with the coverslip face down to aid adherence to the coverslip.

Cell Filling, Immunohistochemistry
----------------------------------

Cell filling was performed as described in previous methods[@b59][@b60]. Briefly 200 μm sections were cut from a 4% PFA perfused fixed brain using a vibratome and cells were injected with a continuous current of Alexa Fluor 594 dye solution (Life Technologies) in CA1, CA3 and DG region of the hippocampus. This fluorescent marker was applied, with the aid of an electrode, by continuous current until the distal tips of each dendrite fluoresced brightly, thereby ensuring that the dendrites were completely filled and the fluorescence did not diminish at a distance from the soma. For immunohistochemistry, brain sections were blocked and permeabilised in 5% bovine serum albumin (BSA, Sigma-Alrich) and 0.2% Triton X-100. Anti-synaptophysin I (1:250, ab14692, Abcam) used in solution of 3% BSA, 0.2% Triton X-100 at 4 °C overnight. Secondary antibody incubation of Alexa Fluor 594 (1:500, A-11012, Life Technologies) was performed for 1 hour at room temperature. Sections were then washed in 1x PBS and mounted.

Low Magnification Scanning and Confocal Microscopy
--------------------------------------------------

Low magnification brain section scans were acquired with a Zeiss Axio Scan Slide Scanner (Carl Zeiss) with a ×20 plan-apochromat lens at 488 nm excitation with the same 500 ms exposure time. Hemi-coronal section images were background and contrast adjusted to provide reasonable comparison of expression. Both were compared with a WT negative control brain. Maps of PSD95-eGFP and PSD95-mEos2 were captured using x40 magnification confocal images with the Leica SP5 with individual images stitched together using Adobe Photoshop. High magnification x63 confocal images of PSD95-eGFP and Synaptophysin were captured using a Zeiss LSM510 with 46 × 46 × 130 nm pixel dimensions in accordance with Nyquist sampling capturing six serial z-plane acquisitions. Images were subsequently deconvolved with Huygens deconvolution software prior analysis. High magnification confocal images of PSD95-mEos2 and Synaptophysin were captured using the Leica SP5 at 20 × 20 × 130 nm pixel dimensions with six serial z-plane acquisitions. Low magnification images of dye filled cells in PSD95-eGFP sections were captured using a Zeiss LSM 710 with a x20 plan-apochromat lens. High magnification images of PSD95 antibody stains were captured using a Ziess LSM 510 with a x63 plan apochromat lens.

g-STED Microscopy
-----------------

Images were acquired using a Leica SP5 SMD g-STED microscope available at the Edinburgh Super-Resolution Imaging Consortium (ESRIC) hosted by Heriot-Watt University. Excitation was provided from a CW super-continuum white light laser source at 488 nm for eGFP samples, and the fluorescence signal was acquired using the Leica Hybrid detector between 500--560 nm and gated between 2--8 ns. We used a ×100 1.4NA STED objective lens and optical zoom set to provide 20 × 20 nm pixel dimensions. 2D confocal and g-STED images were acquired serially, with the confocal image taken first followed by the g-STED image.

Stimulated emission depletion was achieved using a 592 nm depletion laser. The optimal depletion laser power was calibrated using 22.5 ± 0.5 nm diameter P22 virus capsids expressing internal GFP, kindly donated by Prof. Trevor Douglas[@b61]. Capsids were adhered to a slide precoated in Cell-Tak^TM^ (Corning). P22 capsids were analysed by fitting Gaussian curves to line profiles drawn along two perpendicular axes to obtain the average full width at half maximum (FWHM) for 8--10 capsids at each depletion laser power. A depletion laser power density of 58 MW/cm^2^ measured prior to the objective lens can optimally resolve capsids at \~90 nm.

PALM
----

PALM images were recorded on a bespoke home-built instrument consisting of an Olympus IX71 inverted microscope with an infinity-corrected oil immersion objective using TIRF illumination (Olympus UPlanApo TIRF, ×60, 1.49 NA) and detected on a 512 × 512 pixel EMCCD camera (Photometrics Evolve, EVO-512-M-FW- 16-AC-110). The brain sections were adhered close to a coverslip using poly-L-lysine to aid TIRF illumination of the sample. Images were acquired at 33 ms per frame operating in frame transfer mode with an election multiplication gain of 250 fold. We used a dichroic mirror (Semrock, Di01-R488/561) and a long pass filter (Semrock, LP02-568RS-25) designed for imaging the photo-converted form of the mEos2 fluorophore. Images were acquired through excitation at 561 nm (∼4 kW/cm^2^) for 18000 frames and photoactivated with 405 nm laser bursts (\~10 W/cm^2^) every 300 frames. Laser intensity modulation was achieved using mechanical shutters (Prior, Optiscan III, V31XYZEF). The microscope hardware and image acquisitions were steered using open source microscopy manager software (Micro Manager 1.4). We determined the xy resolution of PALM as a function of the localisation fitting precision and the average nearest neighbour value per detected NC in accordance with previously published methods[@b11][@b62].

Image Pre-Processing
--------------------

For g-STED data, images were processed using a Gaussian kernel prefilter (0.04 um) to enable effective peak detection, which is also used in displays of Confocal/g-STED images. Single-molecule events were localised using the GDSC Single Molecule Light Microscopy plugin Peak Fit in ImageJ (Alex Herbert, University of Sussex, UK) by fitting to a 2D Gaussian function using the Least Squared Errors method, displayed with their average fitting precision (40 nm). Using a previously published approach[@b11] clusters of PSD95-mEos2 single molecule localisation events, indicative of whole PSDs, were defined using DBSCAN[@b63] compiled in the statistics package R (version 3.1.2). Nearest neighbourhood (NN) analysis was then performed on localisations within their respective cluster determined from DBSCAN and pixel values were weighted on the NN coefficient, and localised spots displayed as 40nm circles to represent average fitting precision.

Image Analysis
--------------

FWHM analysis of nanoclusters was performed in ImageJ using an open access code to fit line profiles to a Gaussian curve and calculate the FWHM from the fit (John Lim, March 2011). Line profiles were drawn along structures manually within ImageJ using a straight line drawing tool. Typically two lines were drawn perpendicular to one another, crossing at the estimated centre of the structure of interest. Where an elliptical structure was noticeable, the two line profiles would be drawn across the longest and shortest determinable axes. Diameters were calculated as the mean average of the two FWHM measurements.

Super-resolution image analysis was performed using Imaris Cell (Imaris v7.6.5 and v8.0.1). Specific parameters within the software were determined using a combination of FWHM analysis of raw images for g-STED ([Supplementary Fig. 4a--d](#S1){ref-type="supplementary-material"}) and PALM ([Supplementary Fig. 4j,k](#S1){ref-type="supplementary-material"}) data sets, Monte Carlo simulations to test robustness ([Supplementary Fig. 4e--g](#S1){ref-type="supplementary-material"}) and assessment of % true detections *vs* manual quantifications ([Supplementary Fig. 4h,i,l--o](#S1){ref-type="supplementary-material"}).

PSD95-eGFP PSDs were detected from confocal images and NCs from g-STED images using background subtraction with a diameter of 0.14 μm. Watershed based object splitting is then performed with both PSDs and NCs using a set seed point diameter of 0.4 μm and 0.16 μm respectively as determined from assessment against manual quantifications ([Supplementary Fig. 4h--i](#S1){ref-type="supplementary-material"}). PSDs and NCs containing less than 30 and 10 pixels respectively, and structures segmenting XY border, were excluded. \~10% PSDs did not contain a detectable nanocluster, and were filtered from the final analysis.

Detection of PSD95-mEos2 PSDs and NCs was performed in a similar manner to g-STED. The whole cluster of the PSD was detected from the NN-rendered images with a large 0.25 μm Gaussian kernel blur and the same background subtraction value. For NC detection, NN-images were first smoothed with a Gaussian filter of 0.04 μm in accordance with the average precision fitting ([Supplementary Fig. 3](#S1){ref-type="supplementary-material"}). NC detection was then performed with a background subtraction value of 0.07 μm based on manual FWHM analysis of unprocessed PALM images fitted and localized to their pixel centroids ([Supplementary Fig. 4j,k](#S1){ref-type="supplementary-material"}). Watershed splitting for PSDs and NCs was performed with seed point diameters of 0.25 μm and 0.07 μm respectively, the latter of which tested vs manual quantification as shown in [Supplementary Fig. 4l--o](#S1){ref-type="supplementary-material"}.

Juxtaposition analysis between PSD95 fluorescence and synaptophysin I was performed using Imaris Spots to detect synaptic puncta followed by object based colocalization analysis. Puncta within 600 nm of each other (centre to centre) were deemed juxtaposed. As a control to asses whether there was a significant association between the pre and postsynaptic puncta, analysis was also run on the same data in which one image channel was rotated 90° clockwise.

Analysis of PSD95-eGFP NCs and PSDs within dye filled spines was quantified manually to detect structures within spine head realms. Spine measurements were quantified manually in ImageJ by drawing lines across the widest aspect of the spine head and also from the base of the spine to tip of the head to determine length.

Spatial Cluster Analysis of Nanoclusters
----------------------------------------

Paired-correlation function analysis was performed using custom compiled code in R using Spatstat[@b64]. The X-Y homogenous centre of mass coordinates of NCs were taken from one representative image from each of the sub-regions from each mouse. The paired correlation function, *g(r)*, was plotted over a radial distance of 1 μm *(r)*. The envelopes are simulated by generating 49 poisson processes for the same window of observation and taking the extrema for each *(r)*[@b65]. Values of *g(r)* greater than the confidence envelopes for a given *r* value were deemed significantly more clustered than random.

Biochemical studies
-------------------

Mouse forebrains were homogenised in a 2 mM HEPES 7.4 pH buffer containing 320 mM sucrose, phosphatase inhibitors (Merck Millipore) and EDTA-free protease inhibitors (Roche). Synaptosomes were purified similar as described by a standard protocol[@b66]. Denatured samples were loaded into Precast Nupage Bis-tris gradient gels (Life Technologies) for electrophoresis at 200 V continuous current for 60 min and then transferred to a nitrocellulose membrane for immunoblotting. Membranes were blocked in 5% milk in 1× phosphate buffered saline solution with 0.1% Tween (PBS-T). Incubation with an anti-PSD95 primary antibody (1:2000, LS-C105334, LifeSpan Biosciences) and a loading control anti-α-tubulin antibody (1:1000, MCA77G, AbD Serotec) was performed at 4 °C overnight in 1% milk in PBS-T. Secondary antibody incubation was performed for 1 h at room temperature using an anti-rabbit IRdye 800CW (LI-COR Biotechnology) and anti-rat 680 conjugated secondary antibodies (Sigma-Aldrich), both at 1:10,000 dilution, and visualised with the LI-COR Odyssey Fc.

Imaging Statistical Analysis
----------------------------

The area sizes of PSDs and NCs computed by Imaris Cell were converted to average diameters assuming structures were circles. Long and short axes were determined by fitting structures to an ellipse by Imaris Cell. The aspect ratio of NCs was quantified as the ratio of the short and long axis. Average diameters were taken as the mean average and standard deviation of the mean (SD) from the median average diameters obtained from each of the 3 mice in each data set. One-way analysis of variance (ANOVA) with a *post-hoc* Tukey test were performed in SPSS (IBM SPSS Statistics, Version 21.0) to confirm specific pairwise significant differences between groups. Synapse spine diameter data were analysed by the Kruskall-Wallis test performed in GraphPad Prism (San Diego, CA, USA). Two-sample *t*-test was done to determine statistical significance of differences in the percentage of juxtaposition between PSD95 and Synaptophysin puncta.
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![Super-resolution reveals PSD95 nanostructure and synaptic diversity in brain tissue.\
(**a**) Coronal section of the hippocampus from a PSD95-eGFP mouse. CA1, CA3 and dentate gyrus (DG) regions are shown. Scale bar 250 μm. (**b**) Left panel, confocal image from the CA1^SO^ shows PSD95eGFP puncta, corresponding to PSDs (expanded inset). Scale bar 2 μm, inset images scale bars 500 nm. Right panel, correlative g-STED image reveals NCs. (**c**) Coronal section of the hippocampus from a PSD95-mEos2 mouse. CA1, CA3 and dentate gyrus (DG) regions are shown. Scale bar, 250 μm. (**d**) Left panel, PALM image from the CA1^SO^ of PSD95-mEos2 sections. Scale bars 2 μm, inset images scale bars 500 nm. Right panel, image rendered with nearest neighbour (NN) analysis reveals structures showing significant sub-clustering indicating NCs. (**e**) Examples of synapse subtypes defined by the number of NCs (white arrowheads) per PSD observed using g-STED. Left panel corresponds to the confocal image and right panel corresponds to the super-resolved image. Asterisk indicates multiple NCs in a ring-like conformation. Scale bars 200 nm. (**f**) Synapse subtypes defined by the number of NCs (black arrows) per PSD, observed using PALM. Scale bars 200 nm. (**g**) Dye-filled neurons show single (1NC-PSD) and multiple NCs (2NC-PSD, 3+NC-PSD) in spine heads. Left panel, PSD95-eGFP (green) imaged with a confocal (Con) microscope and the Alexa Fluor 594-filled spine is shown in magenta. Right panel, g-STED image of PSD95-eGFP in same spine. Scale bars 500 nm. White arrowheads, NCs; magenta, Alexa Fluor 594 dye; dotted line, estimated spine membrane location. (**h**) Example of segmentation of g-STED images of PSDs (red area) and NCs (yellow area) using Imaris Cell. (**i**) Frequency (%) histogram of the number of NCs per PSD from 3420 PSDs from the CA1^SO^. (**j**) Frequency (%) histogram of the diameter of 5172 NCs and 3420 PSDs from the CA1^SO^. (**k**) Example of segmentation of PALM images of PSDs (red area) and NCs (yellow area) using Imaris Cell. (**l**) Frequency (%) histogram of the number of NCs per PSD from 1444 PSDs analysed from the CA1^SO^. (**m**) Frequency (%) histogram of the diameters of 1840 NCs and 1444 PSDs from the CA1^SO^.](srep24626-f1){#f1}

![PSD95 nanostructural diversity between hippocampal sub-regions.\
(**a**) A colour-coded key to the seven hippocampal sub-regions surveyed, a coding which is maintained for the subsequent panels b--m. CA1 sub-regions are shown in shades of green, CA3 sub-regions in yellow and DG sub-regions in magenta. Image panels from CA1^SRD^ show typical 1NC-PSDs and CA3^SL^ multi-NC-PSDs. Con, confocal; NN, nearest neighbour. Scale bars 500 nm. (**b**) PSD95-eGFP PSD diameter. (**c**) PSD95-mEos2 PSD diameter. (**d**) PSD95-eGFP NC/PSD. (**e**) PSD95-mEos2 NC/PSD. (**f**) PSD95-eGFP frequency histogram of synapse subtypes. (**g**) PSD95-mEos2 frequency histogram of synapse subtypes. (**h**) Paired Correlation Function (g(r)) analysis from PSD95-eGFP NCs. Denotes the probability of clustering of NCs at a given radius, r. Dotted line denotes the diffraction limit of g-STED. (**i**) PSD95-eGFP NC diameter. (**j**) PSD95-mEos2 NC diameter. (**k**) PSD95-eGFP NC aspect ratio. (**l**) PSD95-mEos2 NC aspect ratio. (**m**) Mean fluorescence intensity of PSD95-eGFP NCs. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](srep24626-f2){#f2}

![Diversity in PSD95-eGFP nanostructure within the CA1 radial gradient.\
(**a**) A CA1 injected pyramidal neuron with dendritic arborisations extending basally into the CA1^SO^, and apically through the CA1^SR^ and terminating in the CA1^SLM^. (**b**) Fluorescence expression of PSD95eGFP in the radial gradient of the hippocampus captured at low magnification (20x) from the same microscopic field as shown in (**a**). (**c**) PSD density (per 20 μm^2^) plotted as a function of distance from the CA1 soma layer. Different sub-fields of the CA1 are denoted with grey bars above the graph. Dotted line describes the Pearsons correlation analysis within the CA1^SR^. (**d**) Mean fluorescence intensity of NCs as a function of distance from the CA1 soma layer. (**e**) PSD diameter as a function of distance from the CA1 soma layer. (**f**) NC diameter as a function of distance from the soma layer. (**g**) Mean number of NCs per PSD as a function of distance from the CA1 soma layer. (**h**) Fractional population (%) of 1NC-PSDs (black line, left axis) and 3+NC-PSDs (grey line, right axis) plotted as a function of distance from the soma layer.](srep24626-f3){#f3}

![Quantitative analysis of PSD95 building block principle.\
Panels a--f show quantifications from g-STED data. (**a**) Scatter plots of the diameter and integrated fluorescence intensity of 600 randomly selected PSDs from the CA1^SO^ with 200 PSDs from each of the three synapse subtypes plotted in their own respective colour coded plots (upper graph) and plotted together (lower graph). Not only is there a correlation in size and total fluorescence intensity (as expected), but with higher number of NCs per PSD, the size and intensity of PSD fluorescence also become larger. Thus, PSDs in synapses of different subtypes can be characterised by their size and intensity. (**b**) Histogram of PSD integrated intensity values in different synapse subtypes. (**c**) Histogram of PSD diameters in different synapse subtypes. (**d**) Scatter plots of the diameter and integrated fluorescence intensity of 600 randomly selected NCs from the CA1^SO^ with 200 NCs from each of the three synapse subtypes plotted in their respective colour coded plots (upper graph) and plotted together (lower graph). While there is an expected positive correlation between the size and integrated fluorescence intensity of NCs, little difference is observed between the three populations. Thus, NCs belonging to different synapse subtypes are similar structures. (**e**) Bar chart of the integrated intensity of NCs from different synapse subtypes. (**f**) Bar chart of the diameter of NCs from different synapse subtypes. Panels g--j show quantifications from PALM data. (**g**) Histogram of total PSD localisations in different synapse subtypes. (**h**) Histogram of PSD diameters in different synapse subtypes. (**i**) Histogram of the total NC localisations in different synapse subtypes. (**j**) Histogram of NC diameters in different synapse subtypes.](srep24626-f4){#f4}
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